Introduction
Multilayer pressure vessels are widely used in the field of high pressure technology. To enhance multilayer pressure vessels' load bearing capacity and life, different processes such as shrink fit and autofrettage are usually employed. Shrink fit increases load capacity; however, maximum interference is generally limited. Autofrettage causes steep stress gradients near the bore, but the Bauschinger effect limits the maximum compression. Therefore, a combination of both shrink fit and autofrettage can provide more suitable stress distributions in layered vessels.
In recent years, many researchers have focused on methods to extend vessels' lifetimes. Feng et al. ͓1͔ proposed consideration of low-temperature autofrettage of thick-walled tubes for introducing higher beneficial hoop residual stress at the inner bore. Kapp et al. ͓2͔ proposed a multilayer design involving a shrink-fit procedure on a previously Autofrettaged monobloc tube, to achieve very long life. Parker ͓3͔, in view of Ref. ͓2͔ proposed the addition of material ͑via shrink fit͒ to a tube that had already undergone autofrettage. Parker's method ͓3͔ extends an earlier method ͓4͔, where material removal from the bore achieved a similar reduction of the Bauschinger effect. Andrews ͓5͔ proposed a method for inserting a tapered liner into an outer cylinder while the cylinder is expanded by hydraulic pressure. This technique avoids many of the limitations associated with traditional shrink-fit and autofrettage techniques while producing favorable hoop stress. Later, Parker and Kendall ͓6͔ investigated a procedure involving sequentially shrink fitting followed by autofrettage, which reduced Bauschinger effect losses at the important locations at the nearbore region. This led to fatigue lifetime enhancement of 41%.
In the case of multilayered vessels ͑more than two layers͒, where it is possible to insert the cooling channels inside the wall; the size of each layer and the sequence of shrink fitting and autofrettage become more serious. In this study, the practical idea of employing a three-layer vessel has been adopted from vessels used for the hot isostatic pressing ͑HIP͒ equipment. In the HIP process, high pressure and high temperature are applied simultaneously and the three layer vessel must be able to maintain this loading for cycles of operation.
This study employs the method of Jahed and Dubey ͓7͔ for prediction of the residual stresses induced by autofrettage process. This method is capable of considering real material behavior and, hence, providing a closer estimation of the residual stresses. In this study, both shrink fitting and autofrettage are combined and the optimum values of the layer thicknesses, shrink-fitting pressures, and autofrettage percentages are determined with a proper sequence of steps, to achieve maximum fatigue life of a threelayer vessel.
Fatigue Life of the Multilayer Compound Vessel
The autofrettage process is based on the principle of applying sufficient internal pressure to deform the vessel bore plastically, which, after unloading, would leave some negative residual stresses in the region. To estimate these residual stresses, it is common to use the ideal models, such as isotropic or kinematic hardening, for the material behavior. However, for exact calculation of the residual stresses, one should use a model which is closer to the real material behavior and is capable of including the Bauschinger effect. In this respect, the kinematic hardening model is preferred to the isotropic one. Nevertheless, even these ideal models impose significant errors on the results. These errors, which most models fail to consider, are chiefly due to reasons such as nonlinear material behavior from the beginning of unloading, change in elastic modulus in unloading, hardening effect presence after reverse yielding, etc. Therefore, in order to avoid some of these errors, the model employed in this study is based on the real material behavior, which can be obtained through a simple torsion test ͓8͔.
Likewise, the residual stress calculations are performed using the variable material property method ͓7͔. Therefore, by combin-ing the autofrettage and shrink-fitting processes, it appears possible to get the optimum residual stress distribution for maximum fatigue life of the three-layer compound vessels. Some of the significant factors involved in the interaction of the two processes that are considered include: different elasticity modulus at reloading and its effects on shrink-fitting stress distribution of outer layer that has previously been autofrettaged, nonlinear behavior of an original autofrettaged inner layer in shrink-fitting process that may lead to a wider reverse yielding, and autofrettage percentage variation due to existence of shrink-fitting prestresses.
With the assumption of initial cracks existing on the layer surfaces of the compound vessel, the fatigue life is defined as the number of cycles of loading needed to cause the initial depth to reach the final size defined by ASME standard for high pressure vessels ͓9͔ as the allowable limit ͑article KD-412.2͒. Therefore, the final crack depth of all layers except the outermost layer is 25% of their thickness, and the final crack depth of the outermost layer is 25% of the theoretical critical crack depth. These calculations are performed on the basis of the linear elastic fracture mechanics modified for the plastic region of material behavior.
Having the initial and final crack depths and the stress distribution, it is possible to find the fatigue life by the "Paris" relation, where the crack growth rate da / dN is assumed to be a function of the range of the stress intensity factor ⌬K and the stress intensity ratio R K given in Eq. ͑1͒ below
For a semi-elliptical crack, the stress distribution normal to the plane of the crack at the flaw location is represented by a polynomial function over the flaw depth according to Eq. ͑2͒
where a is the depth, x is the distance through the wall measured from the flawed surface, and A i is the coefficient of the third degree polynomial. Equation ͑2͒ is an accurate representation of stress distribution over the flaw plane for all values of flaw depth, in the range, 0 ഛ x / a ഛ 1 considered in the analysis. Using this relation, stress intensity factors for the surface flaws can be represented by Eq. ͑3͒
where A P is the internal vessel pressure if the pressure acts on the cracked surface, G i is the free surface correction factor, and Q is the flaw shape parameter which has been defined in Ref.
͓10͔.
According to ASME code recommendations, two cracks need be considered for each layer, one on the inner surface and another on the outer surface. Fatigue life of any layer would be the minimum of the two, which happens to be the critical point. The initial crack size is generally considered at the range of 0.1-1 mm which herein has been chosen equal to a o = 0.5 mm, ͓11͔, and the allowable final crack size is defined in ASME code.
The Optimization Method
Numerical optimization techniques are powerful tools used to determine the optimum in all engineering design problems. Nongradient algorithms form a subgroup of these methods suitable for use in cases where no analytically explicit functional relation among parameters exists that would allow continuous chains of derivative evaluations be performed. One such method of notable success is the Simplex search method, originally proposed by Nelder and Mead ͓12͔, which has been employed in this study. This method was originally designed to perform unconstrained search for the minimum of a function whose analytical relation with the variables are not well defined. However, due to the existence of several constraints on the variables in this case, it had to be modified in order to observe the limitations imposed by multiple constraints.
For n design variables ͑i.e., in n dimensional space͒ initially a polyhedron with ͑n +1͒ vertices, known as a Simplex, is defined, at whose vertices the objective function is evaluated. Then, to get to the global max/min value of the objective function in the assumed space, the vertices corresponding to low values of the function are successively eliminated to be replaced by generated points that show improvement. Eventually, by continuing the process of elimination of points, the simplex would shrink to a point. This means that the set of points defining its vertices would converge to the optimum point, with the volume of the simplex polyhedron reducing to zero. At all stages the centroid of the simplex would represent the design point at hand, which would eventually move to coincide with the optimum point. At each stage, the direction finding procedure to locate new and improved design points is to connect the worst point ͑i.e., the one with the lowest value of the objective function͒ to the centroid as a move vector. In this direction, a new and improved point is sought to take the place of the currently worst point. Therefore, the apexes of the simplex would constantly be replaced with improved ones, causing the simplex to change size and relocate, gradually crawling towards the optimum. In this process, it may be necessary to move to several points along the indicated move direction in order to properly locate the best point. Reference ͓12͔ gives full details of the procedure, which is not repeated here.
However, as stated above, the Simplex method was originally devised for an unconstrained problem, while the problem at hand is a constrained one. Since the constraints are few in number, and are mostly simple constraints representing limits for the range of variations of variables, the algorithm must be modified with some additional steps in order to observe them. The modification takes place at the stage of finding the new point, in which all the constraints are tested for violation. Each generated point is tested and retracted along the move direction to alleviate the violations if any. These additional steps would necessitate more points to be found and tested ͑i.e., increase the total number of analyses to be performed͒ which should otherwise be linearly proportional to the number of variables involved. However, since the number of variables in this and similar problems are few, and no gradient evaluations need be performed, the procedure proves to be efficient and successful. As an example, observe in Fig. 1 the movement of the points towards convergence for a two dimensional problem. In this problem, n is two and the simplex is a triangle made of three nodes in a plane surface. 
Numerical Examples
An open end three layer vessel is considered, with inner radius of R 1 = 9 cm and outer radius R 2 = 14 cm, at the working internal pressure of P operational = 250 MPa ͑Fig. 2͒. The design satisfies the safety margin against collapse load of at least 2.0, according to ASME standard ͓13͔.
Based on the above discussions, real behavior of A723 at loading, unloading and also reloading is employed here. Troiano et al. 
͑4͒
The aim is to obtain an optimum combination of layer thicknesses ͑t 1 , t 2 , t 3 ͒ shrink-fit pressures ͑P Sh1 , P Sh2 ͒ and autofrettage percentages ͑Af p ͒ which satisfies the condition recommended by article KD-412.2 ͓9͔. Furthermore, we will also determine the proper sequence of assembly operation. The sequences of assembly operations considered can be summarized in the following cases:
Case 1: Perform autofrettage on each layer separately, and then shrink-fit.
Case 2: Shrink fit the first two layers, followed by autofrettage of the combination obtained; then, shrink fit the outer layer after first performing autofrettage on it.
Case 3: Shrink fit all three layers sequentially, and then perform autofrettage on the whole combined vessel.
Clearly the combination which possesses the highest life is optimum within the context of sequence scheme considered. The above three cases are examined separately and their optimum thicknesses is calculated below. The results of design optimization for all three cases are given in Table 1 .
The residual stresses due to autofrettage of each layer in case 1, are shown in Fig. 5 . Also shown in this figure are the stresses for all autofrettaged layers, shrink fitted on each other. After applying the internal pressure the working stresses are shown in Fig. 6 . In this case, the calculated maximum fatigue life is 26,100 cycles.
For case 2, the stresses due to the processes involved are shown in Figs. 7 and 8, respectively. In this case, the calculated maximum fatigue life is 24,000 cycles.
For case 3, the stresses due to the processes involved are shown in Figs. 9 and 10, respectively. In this case, the calculated maximum fatigue life is 22,500 cycles.
An important observation is made in all the three cases: at the optimum design, the fatigue life of all three layers was equal. This Transactions of the ASME point may serve as an optimality criterion; that in an optimum design all the layers reach the ends of their lives together, leaving no excess life in any layer wasted.
It is concluded that case 1 shows superior life capacity, which is irrespective of the comparison of costs involved in the sequences of operations. Real optimum design should also take into consideration the costs of the operations involved. However, as the combinations of operation sequences are usually few, they can be investigated exhaustively, and there would be no need to resort to a combinatorial optimization search routine.
Conclusion
In this paper, a methodology for design optimization of multilayer vessels used in high pressure technology has been presented. This methodology uses the actual material behavior to maximize the vessel life through employment of shrink fit as well as autofrettage techniques simultaneously, according to the extent and sequence that the optimum design would deem necessary. Several feasible operational sequences are investigated separately, yielding the most suitable scheme after the optima of each has been determined accordingly. Design optimization is performed for the thickness of each layer to lead to maximum vessel life expectancy under the limitations imposed by total thickness and stress limits, as well as those of shrink fit and autofrettage of each layer.
The optimization method is based on the Simplex procedure of Nelder and Mead, which does not require any gradient evaluation of the life function treated as the objective.
The method showed success and good efficiency when applied to a three-layer example with three cases of sequential operation schemes. Convergence of the final designs in each case was arrived at after systematic iterations yielding a series of improved designs. As the results show, at the operational sequence of case 1, the maximum fatigue life is 8% and 14% greater than those of cases 2 and 3, respectively. Proof of optimality of the final results is observed through convergence of the life of each layer to the unique value of the maximum vessel life. Therefore, no excess material in terms of additional life is wasted in any of the layers at the optimum. 
